(Submitted for publication October 14, 1958 ; accepted March 5, 1959) In a preceding report on exchange mechanisms in pregnant monkeys (1) , evidence has been presented that the water exchange between the maternal organism and the products of gestation can be represented by a kinetic model composed of three major compartments, all of which exchange with each other. The three compartments are defined as: 1) the amniotic fluid, 2) the maternal, and 3) the fetal body water. It could be shown that the introduction of a hydrogen tracer into fetus or amniotic fluid results in retention curves of predictable shape and that transfer rates for water can be calculated with reasonable accuracy when the amniotic fluid was used as the primary compartment. It should therefore be possible to devise methods whereby the transfer rates for the human could be calculated and to study the role which the fetus plays in the exchange of water between the amniotic fluid and the mother.
For the calculation of transfer rates it is necessary to know the change in concentration of tracer as a function of time for each compartment. Continuous measurements on pregnant women are limited to the two accessible compartments: mother and amniotic fluid. In addition, a single sample of fetal or cord blood can be obtained at the time of delivery. Under these conditions there are two possible ways in which a time-activity curve for the fetal compartment can be calculated from available data. The first is based upon the *This investigation was, in part, supported by a research grant from the National Institutes of Health, Department of Health, Education and Welfare; The Sloane Hospital Research Fund; and the Association for the Aid of Crippled Children.
fact that, within the relatively brief period of time during which measurements are made, the total amount of tracer in all three compartments is constant. Ideally, the amount of tracer in the fetus should be equal to the difference between the amount of tracer injected and the sum of that in maternal and amniotic fluid compartments. The large difference in size between mother and the other compartments and the evident poor mixing in the maternal and fetal systems renders this approach too inaccurate for practical purposes.
The second possibility of deriving a time-activity curve for the fetus is somewhat more direct and takes advantage of the fact that at least one sample of fetal blood is available at termination of the experiment. The tracer concentration in the fetus follows a double exponential curve for which two points in addition to zero and infinity are necessary and sufficient for definition. If two tracers for hydrogen are injected into the primary compartment (amniotic fluid) at different times, analyses of cord blood for both tracers should give the two points from which the time-activity curve for the fetus can then be reconstructed.
The availability of deuterium and tritium made it possible to apply this method for the measurement of transfer rates in a series of normal pregnant women whose gestational ages ranged from 12 while the concentration of the second tracer may be higher, equal to, or less than that of the first tracer. Under certain circumstances it is possible that the fetal tracer curve does not pass through a maximum, in which case the concentration of the first tracer will always be less than the equilibrium value yet higher than the second tracer. The relative position of these points and the equilibrium value crudely define the shape of the curve. The manner in which the graphic analysis in all subsequent experiments was carried out is best illustrated by means of an example using a hydrodynamic model previously described (2) . The first tracer was added to the "amniotic fluid" compartment at time zero. The concentration of this tracer was then measured in "maternal serum" and "amniotic fluid" every 30 minutes and the results plotted on an exact semilog scale (Figure 1 ). After four and one-half hours a second tracer was added to the "amniotic fluid" compartment and the experiment terminated at the end of the sixth hour. The tracer concentration for the "amniotic fluid" compartment at that time is given by Points A and B. A sample of fetal blood which had thus far been ignored was now analyzed for the two tracers and yielded Points C and D. The two tracers in the maternal compartment are given by Points E and F. Subtracting the equilibrium value of 100 per cent from each of the experimental points gives a straight line, the first exponential term, for the major portion of the curves. This holds for all three compartments alike. Line b -a, is the first exponential term for the amniotic fluid and Line e -p, that for the maternal compartment. For the fetal curve this line must be reconstructed from Point D only. D minus 100 gives Point d through which a line parallel to b -a1, the first exponential term, must pass. This line intersects t = 0 at yl which determines the first integration constant for the fetal compartment. The value for the second tracer can then be used to determine the second integration constant. C minus 100 gives a Point G which does not fall on Line d-ayi and this difference, the numerical values of H minus G, determines Point I, through which a line representing the second exponential term must pass. Since the tracer concentration for the fetal compartment must be zero at t = 0, the second integration constant for this compartment is given by 72 = T, + 100. 
METHODS
Reference to the analytic procedures for tritium and deuterium has been made in a preceding report (1) . Only patients who had obstetrical indications for abdominal cesarean section or hysterotomy were used in this study. The general design of experiments on early and late pregnancies was similar but varied in the technique of the amniotomy and the period of observation over which samples were collected.
In term or near-term patients the amniotomy was done abdominally by a procedure described in detail elsewhere (3) . At a predetermined time, ranging from one (normal) to two (hydramnios) hours after the injection of the second tracer, a cesarean section was performed and samples of cord or fetal heart blood obtained.
The four subjects at 12, 15, 15 and 20 weeks had vaginal hysterotomies in accordance with routine policy.
Abdominal amniotomy at such early stages of gestation was considered unnecessarily hazardous, hence the procedure was coordinated with the subsequent operation. The cervix was grasped with tenacula and, under local anesthesia, a transverse incision was made in the anterior fornix at the junction of cervical and vaginal mucosa. The vesico-cerival space was entered after division of the supra-vaginal septum and the bladder pushed upward by blunt dissection. A 16 gauge needle with stilette was then inserted into the substance of the cervix in the main axis of the fundus at the level of the internal os, the point of entry being just below the anterior peritoneal fold. Upon withdrawal of the stilette a multi-holed polyethylene catheter was introduced and the needle withdrawn over the catheter. The raw edges of muscosa were then approximated with a few interrupted chromic catgut sutures. The catheter, fitted with a two-way stopcock, was taped to the patient's thigh and the experiment was begun.
The general procedure was basically identical for all experiments. On the day before the contemplated operation a total body water determination was carried out by the deuterium oxide dilution method using 50 to 75 ml. of the isotope containing 0.85 per cent sodium chloride. On the following morning an amniotomy was per- 
DISCUSSION
In addition to the main assumptions upon which all tracer experiments are based, the system here considered must be in a steady state and the two tracers must perform in identical manner at least over the brief period of observation. Because of the wide differences in the mass of hydrogen, deuterium and tritium, an isotope effect could conceivably occur. In order to demonstrate that the assumption of identical performance is valid, a series of experiments was carried out in which first deuterium and then tritium was injected into the amniotic fluid of pregnant patients at term. Their disappearance from the amniotic fluid and appearance in the they must be determined with the highest possible accuracy and only the most reliable sections of these curves can be considered. The time interval from injection of the two tracers to the termination of the experiment must be so chosen that the two points for the fetal curve fall within a specific range: the first tracer on the descending and the second tracer on the ascending portion of the curve. In the experiments carried out during early pregnancies only a very rough estimate could be made on the basis of models and previous experience on term patients. Slightly more reliable curves than those shown in Figure 2 could have been obtained had the experiments been carried out over a longer period of time and the exposure to tritium shortened. Tritium exposures of less than 20 minutes would give experimental points on the rising portion of the curve and thus, at least in theory, lead to a more accurate calculation of the second exponential constant. Unfortunately, such brief intervals probably would not permit an adequate distribution of the tracer within this compartment and the tritium concentration then would not be comparable to the deuterium concentration in the same sample of cord blood.
The functional anatomic complexity of the maternal organism leads to unreliable tracer curves for this compartment which cannot be used for the calculation of transfer rates. Attempts to do so in experiments carried out on rhesus monkeys (1) led to inconsistent results. Fortunately, it is not necessary to use the maternal curves for this purpose since all the essential information can be obtained from the values of the amniotic fluid and fetal compartment.
Satisfactory mixing in the amniotic fluid compartment is evident from its consistent retention curves. Whenever the amniotic fluid volume was large in comparison to the size of the fetus (e.g., in early pregnancies and under conditions of hydramnios) the first exponential constant could be fixed within very narrow limits. Only an exceedingly small error was therefore carried over to the second exponential constant which, in turn, depends upon the accuracy of the deuterium analysis in cord blood. The analytic error in these determinations can be brought to negligible proportions and the total error depends mainly upon the degree of mixing in the fetal compartment.
The analyses of tissue samples made it possible to estimate the extent of distribution which had taken place since the injection of both tracers. The analytic data of Table III were obtained by combustion of wet tissues rather than lyophilization; hence, the specific activity of the hydrogen gas produced requires correction. In the combustion of solid fetal tissues unlabeled hydrogen is introduced. This dilution can be estimated as about 20 to 25 per cent if it is assumed that the sample consisted of not more than 40 per cent solids. The actual isotope concentration is, therefore, considerably higher than would appear from the data of Table III and if such corrections were made, the data would indicate a nearly complete equilibration within the brief period of 20 to 30 minutes. With or without this correction, the highest specific activity was found in lung and there was a relatively even distribution in the other organs. The isotope concentration in placental tissue was invariably low while Wharton's jelly had a relative specific activity which exceeded that of cord blood several times. Comparing the distribution of tritium with the distribution of deuterium in the same subject and the same samples of hydrogen gas obtained by combustion (Table IV) it is evident that there was only a very slight, relative increase of the tracer concentration over an additional 120 minutes of exposure. The only exception appears to be the sharp rise of isotope content in fetal urine (from 31 to 70 per cent) which represents definite evidence that the fetal kidneys are active, even at 12 weeks of gestation.
As pregnancy progresses the role of the fetus in the various exchange mechanisms might possibly change. At 12 weeks gestation the exchange between amiotic fluid and fetus is small compared to the direct exchange--between amniotic fluid and mother. At term 40 per cent of the transfer from the amniotic fluid to the maternal system takes place through the intermedium of the fetus. This is not at variance with indirect evidence previously presented-(5) that at term at least 25 per cent of the water transfer from the amniotic fluid to mother takes place through the fetus. The reported transfer rates are given in terms of a range--compatible with the measured experimental data. Even the lowest possible values for the transfer of water from mother to amniotic fluid constitute an appreciable proportion of the total exchange and hence this pathway exists throughout pregnancy.
The transport of water from mother to fetus, presumably via the placenta, has been investigated by Hellman and co-workers (6), who found a progressive rise with age of gestation followed by a sharp decline at term. This was attributed to aging of the placenta, a phenomenon correlated with morphologic (7) and biochemical studies (8) . In the present investigations this decline in water transmission near term could not be confirmed and the measurements point to a constant rise in this exchange rate until delivery as shown in Figure 7 . The amount of water exchanged per hour increases from about 100 ml. per hour during the twelfth week to 3,600 ml. per hour at term. A similar, consistent rise in the total water exchange of the amniotic fluid has been observed which, incidentally, appears to be proportional to the increase in placental weight. Under the pathologic condition of hydramnios the water exchange between the maternal and fetal organism is grossly impaired. As shown in Table II this exchange rate in one of the patients was about one to eight, in the other less than one to 20 that of normal pregnant women. The difference in these transfer rates is beyond the (Figure 8 ).
In the experiments on term pregnancies samples of fetal tissue were not available, but sections of placentae and cord were examined for their tritium content. The tracer concentration in placental tissue was less than that of cord blood and did not show any appreciable variations in samples taken from different areas of this organ. Wharton's jelly, on the other hand, showed a consistent gradient. The specific activity of samples taken near the baby was invariably higher than that of cord samples near the placental insertion. The difference was appreciable, consistent, and beyond the experimental error of the method. The significance of this gradient is not clear at the present time but may well be related to a specific transfer mechanism of water through the cord.
With certain reservations these data might be used for tentative conclusions regarding the sites of exchange. The strikingly high concentration of tritium in Wharton's jelly makes it very likely that the major part, perhaps all, of the water exchange of the amniotic fluid takes place through this organ. A direct transfer through the membranes and decidua to the maternal system cannot be ruled out and the data obtained in this investigation cannot be used to distinguish between these possibilities. The low specific activity of placental tissue when compared to cord blood does not permit similar conclusions to be drawn since the transmission of water across the placenta is a rapid process and the appearance of the tracer a transitory phenomenon. It is to be expected that the specific activity of placental tissue be less than cord blood yet more than that of maternal serum.
The site and mechanisms of water exchange between amniotic fluid and fetus are not entirely clear. In these experiments the amniotic fluid was the primary compartment and its tracer concentration was appreciably higher than that of the other two compartments at any time during the experimental period. Stomach and lung, if contaminated with amniotic fluid, should contain very appreciable amounts of tritium in excess of that transmitted through the fetal blood stream. Although there are considerable variations from one specimen to another, the findings were quite consistent for the tissues obtained during the early periods of gestation. None 
